Genetic mechanisms leading to androgen-independent growth in advanced prostatic carcinomas (PC) are still poorly understood. Analysis of genes potentially involved in the regulation of tumor cell proliferation and apoptosis might confer better insight into this process and might lead to improved therapeutic strategies. Fluorescence in situ hybridization (FISH) analysis of dissociated nuclei with DNA probes for MYC (8q24)/#8, cyclin D1 gene (CCND1; 11q13)/#11, ERBB2 (17q13)/#17, the androgen receptor gene (AR; Xq12)/#X, and the retinoblastoma gene (RB; 13q14) was applied to formalin-fixed tissue from 63 patients with advanced PC after androgen deprivation therapy (ADT); matched tumor tissue before ADT was also available in 22 of these cases. The cut-points used were: "increased copy number," Ն 30% of all nuclei with increased FISH signals (centromere and/or gene); "amplification," Ն 15% of nuclei with "increased gene copy number." CCND1 and MYC gene "amplifications" were present before ADT in 25% and 33% of the cases, respectively; the frequency of these "amplifications" increased to 37% and 57% after ADT. Loss of the RB gene was nearly four times more frequent after ADT than before therapy (22% versus 6%). AR and ERBB2 gene "amplifications" occurred only after ADT in 36% and 30% of cases, respectively. With the exception of the AR gene, the copy number increase was low. After treatment, MYC and AR gene "amplifications" correlated with the proliferation rate (Ki-67/MIB1 index; p ϭ 0.01 and p ϭ 0.04), whereas ERBB2 "amplifications" were associated with increased apoptotic index (PCD/TUNEL; p ϭ 0.016). However, no correlation between FISH results and clinical follow-up could be established. FISH analysis of genes putatively involved in PC progression revealed characteristic patterns of aberrations in advanced PC before and after ADT. Distinct changes in gene copy number before and after therapy suggests possible involvement of these genes in the escape from androgen
P
rostate cancer (PC) is one of the most common malignancies in the Western hemisphere (Mettlin, 1997) . In Germany, PC is the third most common cause of male cancer mortality (Hö lzel et al, 1996) .
Androgens (testosterone and 5␣-dihydrotestosterone) are essential for development, growth, differentiation, and maintenance of organ structure of the prostate. Physiologically, androgen deprivation leads to apoptosis (Isaacs et al, 1994) . Initially, the growth of PC is androgen-dependent in the majority of cases. In locally advanced and/or metastatic PC, where prostatectomy is not curative, androgen deprivation therapy (ADT), performed either by castration or by other forms of endocrine manipulation (anti-androgens, luteinizing hormone-releasing hormone analogues), has been used for palliative therapy for nearly six decades (Huggins and Hodges, 1941) . However, most cases become refractory to ADT within a few years.
As we could show recently by immunohistochemistry at the protein level, the physiologic regulation of proliferation and apoptosis is defective in the majority of advanced PC before ADT (Baretton et al, 1999) . The genetic changes underlying androgen-independence and tumor progression are yet unclear. In the majority of previous publications, few, if any, gene amplifications could be found in PC (Latil et al, 1994; Fournier et al, 1995; Visakorpi et al, 1995a; Jenkins et al, 1997; Koivisto et al, 1997; Han et al, 1998) . Moreover, the amplification rate of distinct oncogenes, such as ERBB2, is highly controversial (Kuhn et al, 1993; Ross et al, 1997a Ross et al, , 1997b . Very recently, Bubendorf and coworkers published a fluorescence in situ hybridization (FISH) study on consecutive formalin-fixed tissue microarray sections from a larger series of primary PC, as well as recurrent tumors and metastases from patients with hormone-refractory disease (Bubendorf et al, 1999) . High-level amplifications were very rare in primary tumors (Ͻ 2%), but were higher in metastases Fluorescence in situ hybridization (FISH) signal distributions for all cases that could be evaluated. Black, percentage of nuclei with gene "amplification" (ratio of gene copy number to centromere copy number Ն 1.5). Dark gray, percentage of nuclei with "increased copy numbers" (ratio of gene copy number to centromere copy number ϭ X/X); nuclei with increased centromere signals but decreased gene copy numbers were also included in this group (ratio of gene copy number to centromere copy number Ͻ 1, ie "relative gene copy deletion" relevant for ERBB2/#17 only). White, percentage of nuclei with normal, disomic FISH signals (ratio of gene copy number to centromere copy number ϭ 2/2 or 1/1, respectively). Light gray, percentage of nuclei with centromere and/or gene copy number Ͻ 2 (not relevant for AR/#X). For the diagnosis "increased copy number," at least 30% of nuclei had to show increased centromere and/or gene FISH signals. For the diagnosis "gene amplification," at least half of these nuclei (15%) had to show a unbalanced increase of gene copy numbers (ratio of gene copy number to centromere copy number Ն 1.5). a, Results for CCND1 and #11. b, Results for MYC and #8. c, Results for ERBB2 and #17. d, Results for AR and #X.
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and local recurrences (4% to 23%, depending on gene locus). However, because of inevitable nuclear truncations in 5-m tissue sections, only high copy number gains were scored as specific amplifications in this FISH approach, and the number of tumor cell nuclei per microarray (diameter 0.6 mm) for statistical analysis is low.
To detect both low-and high-copy amplifications in a sufficient number of intact tumor cell nuclei, we analyzed aberrations of cMYC, cyclin-D1 (CCND1), HER-2/neu c-ERBB2 (ERBB2), the androgen receptor gene (AR), and the retinoblastoma gene (RB) by FISH on isolated nuclei from thick paraffin sections (20 -25 m) . Furthermore, the correlation of the gene aberrations with tumor cell proliferation and apoptosis, as well as their prognostic impact, was tested before and after long-term ADT. The type of ADT applied was also included in the evaluation.
Results

FISH Analysis of Isolated Nuclei from Paraffin Blocks
Preparation of nuclear suspensions and their FISH analysis was successful for all DNA probes in both control cases with benign prostatic hyperplasia. As the FISH signal distributions showed, the hybridization efficiency of the probes was slightly different.
In the PC group, the FISH results were evaluable in 86% of cases for CCND1, in 91% of cases for MYC, in 88% of cases for RB, in 92% of cases for AR, and in 94% of cases for ERBB2. The hybridization efficiency of the probes was higher than 90%, but in some cases the amount of tumor tissue was insufficient for the investigation of all DNA probes.
FISH Analysis of PC before and after ADT
CCND1. Before ADT, 56% of cases showed a normal disomic signal pattern for CCND1 and centromere 11. In 19% of these cases, an increased copy number was detected. CCND1 gene "amplifications" were present in 25% of the tumors, including one PC with "high copy amplification." After ADT, the frequency of "increased copy numbers" and "amplifications" of CCND1 increased to 24.5% and 37%, respectively (Figs. 1a and 2b) . Table 1 shows the results of FISH analysis of paired specimens, cases after ADT only, and total number of cases after therapy.
MYC Gene. Before ADT, 67% of the cases were normal for MYC and centromere 8 copy numbers. One-third of the tumors demonstrated an MYC gene "amplification" (all low-copy amplifications). After ADT, 11% of cases showed "increased copy numbers" of gene and centromere copy number, whereas 57% of PC exhibited MYC gene "amplifications," including six cases (10%) with "high-copy amplifications" (Figs. 1b and 2a ; Table 1 ).
RB Gene. Before ADT, a loss of the RB gene locus ( Fig. 2c ; Table 2 ) was observed in 6% of cases. Conversely, after ADT, 22% of cases showed loss of the RB gene locus. Gains of this chromosomal region were an occasional finding (in 6% of cases before ADT and in 15% after treatment).
ERBB2 Gene. Before ADT, 53% of tumors showed a normal disomic FISH signal distribution and 33% showed a balanced increase of gene and centromere copy numbers. No ERBB2 "amplifications" could be detected before ADT. In 14% of cases, a relative loss of the ERBB2 region was registered.
After ADT, 30% of tumors showed ERBB2 gene "amplifications," including two cases with high gene copy numbers (3%). Forty-two percent of cases were disomic and in 13% a loss of ERBB2 was detected ( Figs. 1c and 2d ; Table 1 ).
AR Gene. Although a balanced increase of the AR gene locus and centromere X copies was seen before ADT (Table 1) , AR gene amplifications occurred only after therapy (36% of cases, mostly high-copy amplifications) (Figs. 1d and 2e ).
Correlation Between FISH Results and Proliferation (Ki-67/MIB1 Index) and Apoptosis (PCD Index)
No correlations between the results of the FISH analysis and proliferation or apoptosis could be found before ADT. After ADT, however, AR gene "amplifications" correlated with a higher maximal Ki-67 index, independent of the therapy regimen applied (41.7% Ϯ 13.3 in cases with AR gene amplification versus 39.5% Ϯ 26.0 in cases without AR gene "amplification"; p ϭ 0.039; Mann-Whitney test).
Only tumors after conventional ADT showed a significant correlation between "amplifications" of the MYC locus and higher mean Ki-67 index (39.4% Ϯ 19.7 in cases with MYC gene amplification versus 17.1% Ϯ 19.0 in cases without MYC gene amplification; p ϭ 0.01; Mann-Whitney test) and higher maximal Ki-67 index (51.1% Ϯ 26.4 versus 22.5% Ϯ 21.2; p ϭ 0.012; Mann-Whitney test). ERBB2 gene "amplifications" were associated with increased apoptotic rate (programmed cell death [PCD] index) of the tumor cells (6.6% Ϯ 5.4 in cases with ERBB2 gene "amplification" versus 2.8% Ϯ 2.4 in cases without ERBB2 gene "amplification"; p ϭ 0.016, Mann-Whitney test).
Correlation between FISH Results and Clinical Follow-Up
No correlations could be established between the results of the FISH analysis before or after ADT and the clinical course of the patients.
Discussion
The molecular mechanisms underlying development of androgen-independent growth in PC are still unclear. Our recent immunohistological data showed impaired regulation of tumor cell proliferation and apoptosis in most cases of advanced PC before and after ADT (Baretton et al, 1999) . For a better understanding of the genetic changes leading to androgenindependent growth in PC, two oncogenes (cMYC, ERBB2), the cell cycle control gene CCND1, the androgen receptor (AR) gene, and the RB tumorsuppressor gene were studied by FISH analysis. Untreated primary tumors and recurrences after ADT were analyzed.
The selected dual labeling FISH technique (with the exception of the single labeling of the RB gene) on isolated tumor cell nuclei from previously microdissected paraffin-embedded tumor tissue allows the determination of subtle gene copy number aberrations on a cell-by-cell basis. The removal of any excess normal and reactive cells provides a high amount of intact tumor cell nuclei for FISH analysis and statistical evaluation. However, there are no defined cutoffs for Images of FISH preparations on isolated nuclei from paraffin-embedded tumor material from patients with advanced prostatic carcinomas (Quips Genetic Workstation and Imaging Software, Vysis, Downers Grove, Illinois). a, MYC gene locus 8q24 (red) and centromere 8 (green). Left, a nucleus with normal, disomic FISH-signal distribution; right, a nucleus with MYC-gene amplification. b, CCND1 gene locus 11q13 (red) and centromere 11 (green). Upper left, a nucleus with normal, disomic FISH-signal distribution; upper right and lower left, tumor cell nuclei with balanced gains of CCND1-gene and centromere 11 signals; lower right, a nucleus with a high-copy CCND1 gene amplification. c, RB gene locus 13q14 (red). Above, a nucleus with normal, disomic FISH-signal distribution; below, three tumor cell nuclei with loss of one RB gene signal. d, ERBB2 gene locus 17q12 (red) and centromere 17 (green). Left, a nucleus with normal, disomic FISH-signal distribution (left nucleus) and a nucleus with "increased copy numbers" of one CCND1 and centromere 17 signal (right nucleus); right, a tumor cell nucleus with ERBB2 gene amplification. e, AR gene locus Xq12 (red) and centromere X (green). Upper left, a nucleus with normal, monosomic FISH signal distribution; lower left, a nucleus with "increased copy numbers" of one AR gene and centromere X signal; center and right, tumor cell nuclei with high-copy AR gene amplifications. FISH diagnosis of chromosomal and/or gene gains or losses in the literature. Thus, we are aware that our definition of gene aberrations, or "amplifications," is more or less subjective. To make our data comparable with other studies, we show not only a final classification of the results (Table 1) , but also present diagrams of the FISH-signal distributions per case (Fig. 1, a to  d ). As these diagrams show, a higher cut-point would have induced a lower frequency of gain for any given gene (Fig. 1, a to d) , but the marked differences between before and after ADT would remain the same. For instance, no "amplifications" of the ERBB2 and the AR gene before ADT would result at any higher cutpoint. On the other hand, lowering the cut-point to 10% would have added cases with "amplifications" before and after ADT, but again the differences between before and after treatment would not be significantly altered.
In accordance with a previous study (Baretton et al, 1994) , the rate of increased or decreased chromosome and/or gene copies was very low in non- (Fig. 1, a to d ) and the chosen cutoffs are far beyond these numbers. Therefore, we are confident that we have not overestimated the rate of chromosomal aberrations in our approach, for example, due to signal splitting of gene probes or the presence of G2-M-phase cells (Sauter et al, 1993 (Sauter et al, , 1995 . Our results cannot be explained by an increase of the total number of chromosomal aberrations under ADT alone. The gene loci studied showed a rather characteristic pattern of gene copy number changes in PC before and after ADT.
MYC gene amplifications have been shown to play a role in solid tumors, for example, in colorectal and bladder carcinoma (Sauter et al, 1995; Donzelli et al, 1999) . However, the importance of MYC for PC progression is still unclear. After long-term androgen deprivation, it could be shown that androgen receptor activity is increased and c-myc expression is altered in PC cells in vitro (Kokontis et al, 1994) . The rate of 33% MYC gene "amplifications" before and 57% after ADT in our set of tumors agrees with other FISH studies. Two independent studies revealed a higher frequency of MYC gene amplifications in distant metastasis than in the primary tumor, suggesting an association between MYC and metastatic progression (Jenkins et al, 1997; Bubendorf et al, 1999) . Moreover, substantial amplification of MYC was strongly correlated with increasing nuclear grade and immunohistochemical evidence of c-myc protein overexpression in one of these studies (Jenkins et al, 1997) . We could show in our series that MYC gene "amplifications" correlate with proliferation rate of the tumor cells after conventional ADT. Data from studies using comparative genomic hybridization (CGH) indicate that MYC amplification is a potential marker of PC progression as well. With this technique, gains of 8q were revealed in 6% of PC cases before and 89% after ADT, respectively (Visakorpi et al, 1995b) , and in 85% of metastatic PC (Cher et al, 1996) .
The RB tumor suppressor gene located on 13q14 and CCND1 on 11q13 are both involved in the regulation of the cell cycle at the G1-S-phase transition. The rate of 6% losses of the RB gene FISH signals in PC before ADT and 22% after therapy in our study suggests an increasing impairment of cell cycle control. In CGH investigations, losses of the long arm of chromosome 13 were detected in 36% of cases before ADT and 56% after ADT (Visakorpi et al, 1995b) , and in 75% of metastases (Cher et al, 1996) . CCND1 gene amplifications were described recently by Bubendorf and coworkers (Bubendorf et al, 1999 ) in 1.2% of primary tumors and in 4.7% to 7.9% of metastatic and recurrent PC, respectively. In our FISH study, "amplification" rates were higher before and after ADT (25% and 37%, respectively), which might be explained by the different materials (tissue sections in Bubendorf's study and isolated nuclei in our study). The majority of our aberrant cases exhibited only low copy CCND1 "amplifications." These aberrations probably escape detection when thin sections are analyzed. The importance of CCND1 amplifications, however, is unclear, because no significant correlations to proliferation and apoptosis could be established. However, in vitro studies (Chen et al, 1998; Han et al, 1998; Perry et al, 1998) showed an influence of CCND1 on the development of androgenindependent growth. Since CCND1 levels are regulated post-translationally (Choi et al, 1997) , gene aberrations might be less important for this effect.
The question of whether the ERBB2 gene is amplified in PC has been discussed in the literature. Whereas one group using solely a gene-specific FISH probe reports that ERBB2 amplification is a frequent genetic change in PC (44%) with prognostic impact (Ross et al, 1997a (Ross et al, , 1997b , other groups did not detect ERBB2 amplifications at any stage of PC progression (Kuhn et al, 1993; Fournier et al, 1995; Bubendorf et al, 1999) . Obviously, detection of ERBB2 amplifications in PC depends very much on technical factors (single or dual color FISH, sections or isolated nuclei). In our series, untreated PC showed either normal ERBB2 gene copy numbers or balanced increases of gene and centromere signals, whereas ERBB2 "amplifications" were present in 30% of cases after ADT. Only two cases, however, showed "high copy amplification." Moreover, ERBB2 "amplifications" correlated with increased PCD index in cases after ADT. Thus, ERBB2 "amplifications" might be promoted by ADT.
In agreement with other FISH studies on hormonerefractory PC (Visakorpi et al, 1995a; Koivisto et al, 1997; Bubendorf et al, 1999) , gains of the AR gene were the most common high-copy amplification. The frequency of 36% of AR gene "amplifications" also corresponds well with the results of these studies. In our set of tumors, AR "amplifications" could be found exclusively after ADT and correlated with a higher proliferation index of the tumor cells. This finding suggests a growth advantage for tumor cells with AR gene "amplification" under ADT. However, as for all other genes tested, no differences could be observed in the clinical follow-up of the patients.
In conclusion, the results of our FISH analysis of genes putatively involved in PC progression show characteristic patterns of aberrations before and after ADT. In particular, the occurrence of AR and ERBB2 gene "amplifications" after ADT suggest a possible involvement of these genes in escape from androgen control.
Materials and Methods
Materials and Patients
Formalin-fixed and paraffin-embedded tumor tissue from a total of 63 patients with locally advanced or metastasized primary PC was studied after ADT with and without additional therapy regimens (total of 85 samples). The tumors were graded histologically according to Gleason and Mellinger (Table 3) (Gleason, 1966; Gleason and Mellinger, 1974) .
In 22 cases, paired specimens from both the untreated primary tumor and the recurrence after ADT were available (mean age of the patients at time of diagnosis, 72.3 years Ϯ 8.3; mean duration of ADT, 40.9 months Ϯ 34.7; median, 35.2 months; range, 0 -121.5 months). In 12 of these cases, only a conventional ADT was performed either by orchiectomy (OE; n ϭ 5), or by OE and drugs (n ϭ 5), or only by drugs (n ϭ 12). For the ADT by drugs, flutamide, fosfestrol, or cyproteronacetate were used primarily; later the patients were also treated with leuprorelinacetate, buserelinacetate, or goserelinacetate. In the remaining 10 cases, an additional chemotherapy (n ϭ 5) or a nonspecified form of therapy (n ϭ 5) was applied. Estramustin, 4Ј-epirubicin, or cisplatin were used for chemotherapy.
In addition, tumor tissue from 41 patients after ADT was studied without paired material from the primary tumor. Twenty-three of these patients were pretreated only by conventional ADT (OE, n ϭ 7; OE ϩ drugs, n ϭ 12; only drugs, n ϭ 4). In the remaining 18 cases, an additional radiation (n ϭ 4) or chemotherapy (n ϭ 11), or a not specified therapy (n ϭ 3) had been performed.
In 60 cases, clinical follow-up data were available, including all patients with paired tumor samples before and after ADT (mean time of observation, 62.8 Ϯ 50.0 months; median, 50.6 months; range, 1-218 months). Twenty-eight of 60 patients died during the time of follow-up.
FISH
After removal of excess normal tissue under microscopic control, the tumor cell nuclei in the regions of interest were extracted from the paraffin blocks according to the method of Hyytinen et al (1994) . Between the 20-to 25-m-thick sections used for nuclear extraction 4-m-thick hematoxylin-eosinstained sections were prepared to ensure that representative tumor tissue was still preserved in the paraffin blocks.
Pretreatment. The cytospin slides were incubated in 4ϫ SSC containing 0.1% Triton X for 1 hour (37°C). After washing in H 2 O, the slides were incubated in 1 M NaSCN (Sodiumisothiocyanate) for 30 minutes (56°C). After washing again in H 2 O, the slides were digested in Pepsin (1 mg/ml; Sigma, Deisenhofen, Germany) for 1 hour (37°C). The slides were then washed again in H 2 O and air-dried.
Denaturing steps. The slides were pre-denatured alone for 20 minutes at 80°C (heating plate). The hybridization mix was prepared according to the Vysis protocol: 10 l of hybridization mix containing 7 l hybridization buffer, 2 l purified H 2 O, and 1 l DNA probe, either MYC (8q24)/centromere 8, or CCND1 (11q13)/centromere 11, or ERBB2 (17q13)/centromere 17, or the androgen receptor gene (AR; Xq12)/centromere X, or the retinoblastoma gene/RB (13q14; all from Vysis, Downers Grove, Illinois); 2 l of the hybridization mix was applied to the spots of nuclei. Slides were then denatured together with the hybridization mix at 80°C for 10 minutes, followed by overnight incubation under siliconized coverslips sealed with rubber cement in a humidified chamber at 37°C. The next day, the coverslips were removed by washing at room temperature in a buffer containing 0.5ϫ SSC at 42°C for 10 minutes, followed by two additional washing steps in this buffer at 42°C for 10 minutes each. After air-drying, 4,5-diamino-2-phenylindol (DAPI, 1 mg/2.86 ml H 2 O)/Vectashield anti-fade solution (Vector Laboratories, Burlingame, California) was applied.
Evaluation of FISH Signals and Definitions of Gene Aberrations
The slides were evaluated under a Zeiss (Oberkochen, Germany) axioscope fluorescence microscope equipped with a HBO-100W mercury lamp and dual and triple band pass filters (Vysis). Hybridization signals were counted in 200 nuclei per case. Only discrete signals in non-overlapping nuclei with a distinct nuclear border were evaluated. Split signals were counted as one signal.
Chromosomal gains or losses were diagnosed if more than 30% of nuclei showed an increased or decreased number of FISH signals, respectively. Moreover, in the settings where both gene and centromere-specific probes were applied simultaneously for detection of oncogenes, we separated cases with "increased copy numbers," that is, equal increases of gene and centromere signal number (ratio of gene copy number to centromere copy number ϭ X/X), from cases with "gene amplifications," that is, a disproportionate gain of gene copies. Thus, for the diagnosis of "gene amplification," at least 30% of the nuclei had to show increased FISH signals and a ratio between gene and centromere copy numbers Ն 1.5 had to be present in at least 15% of these nuclei. "High copy amplifications" exhibited innumerable gene signals (cutoff Ͼ 20 signals). To indicate that the terms "increased copy numbers," "amplification," and "high copy amplification" refer to our definitions, we use these terms in quotation marks throughout the text.
We are aware that these definitions are more or less subjective. The criteria for gene amplification, how- Figure 1 , a to d. As observed previously (Baretton et al, 1994) , the rate of nuclei with increased gene copy number was consistently very low in benign prostatic hyperplasia (0% to 1.5%) and far below our limits for the diagnosis of gene aberrations. It cannot be excluded, however, that an underestimation of aberrations took place; therefore, we present not only a classification according to the limits mentioned above (Table 1) , but also show the data as percentage FISH signal distribution per tumor for each gene (Fig. 1, a to  d ). This allows a comparison of our results with other studies in which different cutoff values are used.
Ki-67 Immunohistochemistry
Ki-67 immunohistochemistry was performed as previously described in detail (Baretton et al, 1999) , using the MIB1/Ki-67 antibody (Dianova, Hamburg, Germany; dilution 1:1,000, prediluted in 1% bovine serum albumin; Sigma). According to the immunoreaction in 1,000 tumor cells per tumor, the mean and the maximal percentage of nuclei with a positive immunoreaction was determined (mean and maximal Ki-67 index).
Detection of Apoptotic Cells in Paraffin Sections
DNA fragments of apoptotic cells were visualized by an enzymatic reaction (Gavrieli et al, 1992; Ansari et al, 1993) as previously described in detail (Baretton et al, 1999) . As internal positive controls, preserved nonneoplastic prostatic glands within the slides from primary tumors or lymphocytes in lymph follicles were used. Since the enzymatic reaction described labels both apoptotic cells and areas of necrosis, only those labeled cells were regarded as positive that showed additional characteristics of apoptosis, for example, isolated localization within an intact cell complex without an inflammatory reaction. At least 10,000 tumor cells per case were evaluated.
Statistical Analyses
Mean parameter values Ϯ standard error of the mean (SEM) were statistically compared by 2 analysis, Mann-Whitney test, and the McNemar test (Hollander and Wolfe, 1973; Breslow and Day, 1980) . Survival analyses were performed by Kaplan-Meier curves and the log rank test using the SPSS statistical software (SPSS Inc., Chicago, Illinois). p Ͻ 0.05 was regarded as statistically significant.
